Abstract -The recent advancements in power conversion efficiency for organic solar cells is still complained by their reliability and stability remaining the main bottlenecks for organic photovoltaics large scale production and commercialization. In this paper, we aim to provide further insights understanding in degradation processes affecting stability in small molecule flat heterojunction (Glass/ITO/MoO 3 /ZnPc/C 60 /BCP/Ag) solar cells through a systematic aging study coupled with optoelectrical characterizations. In particular, the burn-in phenomenon affecting short-circuit current in thermal-stressed samples has been clearly correlated with the C 60 domain coarsening process and eventually to the decreased exciton lifetime.
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evaporator, during the encapsulation process whether it is done in air, or after the realization of the device when it is kept in air or in controlled humidity conditions. Furthermore, the ambient humidity has been suggested to play an important role in the degradation of OSCs, particularly when hydrophilic materials such as poly (3, 4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) [10] is used as hole transporting layer (HTL), or bathocuproine (BCP) and bathophenanthroline (BPhen) [11] are used as an electron blocking layer (EBL) in the presence of aluminum cathode. In fact, the physical swelling or recrystallization of these materials as well as the corrosion of active cathodes in the presence of these hygroscopic materials accelerate the device degradation by forming insulating interfaces or interfacial voids. In order to investigate the OSCs intrinsic degradation mechanisms affecting the active layer materials, the EBL/cathode, as well as the HTL/anode degradations, should be avoided. In this regard, Sun et al. [12] demonstrated that OSCs employing molybdenum oxide (MoO x ) as HTL are more stable than those employing PEDOT:PSS while very recently Chalal et al. [13] employed a silver cathode covering the whole device's active area to enlarge the cell lifetime under standard illumination and at ambient atmosphere.
Furthermore, despite the considerable understanding of water and oxygen aging effects on the stability of small molecule PV devices [11] , [14] [15] [16] , few studies attempted to investigate the effect of temperature stress by clearly separating the moisture contribution to the degradation mechanisms.
In this studies, glass-glass encapsulated planar heterojunction small molecule solar cells with the following structure ITO-glass/molybdenum trioxide (MoO 3 )/zinc-phthalocyanine (ZnPc)/C 60 /BCP/silver (Ag) underwent a thermal aging test in line with the protocol established in [8] by carefully identifying the contributions of each degrading agent to the overall device performance degradation. The presence of MoO 3 as HTL and of Ag cathode ensures stable HTL/anode and EBL/cathode interfaces, respectively, while the planar heterojunction tested in this paper showed and average PCE of 1.5%, in line with the values reported in the literature [17] [18] [19] . The simple device structure allowed to carefully detect the degradations underwent by the donor (ZnPc) and acceptor (C 60 ) active layers. In particular, this paper gives clear evidence of a coarsening phenomenon affecting the C 60 grains when the device undergoes a prolonged thermal stress (at 85°C) in the inert atmosphere. Consequently, the usually observed burn-in phenomenon, consisting in a degradation of the device electrical parameters before to reach a stabilized value is finally unequivocally explaining in term of decreased excitons lifetime.
II. EXPERIMENTAL DETAIL

A. OSC Realization and Encapsulation
ITO patterned glass substrates (3 × 3 cm 2 ) (sheet resistance between 8 and 10 / ) and glass lid for the final encapsulation were solvent cleaned by ultrasonication bath at 60°C for 5 min in deionized water with soap, acetone, and 2-propanol. The described cleaning procedure was repeated twice before the drying step with a nitrogen flow. After cleaning, the substrate was loaded in a glove box (GB) system comprising two high-vacuum evaporators for metallic and organic substances, respectively. All the thin films were deposited by thermal evaporation in high vacuum (<10 −7 mBar) with the deposition rates monitored in situ with quartz crystal microbalances and controlled between 0.5 and 1 Å/sec. 12 device areas of 0.13 cm 2 cells were realized on the same substrate by the intersection of the prepatterned ITO anode and the Ag cathode. The as-realized complete solar cell was a planar heterojunction with the following structure ITO-Glass/MoO 3 (5nm)/ZnPc (40nm)/C 60 (50nm)/BCP(10nm)/Ag(120nm); each substrate (six in total) was glass-glass encapsulated in an inert atmosphere with an automatized encapsulation setup developed by M-Brawn (MB-UV-Press). All the samples were encapsulated at the same time since the MB system allows loading up to nine substrates. In particular, after the devices realization, the substrates were transferred into the MB encapsulation box together with the glass lid by prior dispensing a UV-curable glue (DELO 655) onto the glass lids edge. The encapsulation process comprising the glue UV curing step was carried out in low-vacuum condition (600 mBar) in order to avoid nitrogen intrusion in the glue edge by enormously enlarging the encapsulation lifetime. At this purpose, electrical calcium test was used to estimate an encapsulation lifetime of 150 h under harsh stress condition (85°C and 85% of humidity rate). The entire devices realization process from the layer deposition to the encapsulation was carried out in an inert atmosphere (purified N 2 GB, H 2 0 < 1ppm, O 2 < 1ppm) by never exposing the film to air or moisture contact.
B. Stress Tests
The applied stress tests were carried out by leaving the samples in dark and in open-circuit condition. The performed stress tests are detailed as follows: 1) the sample A was stored in inert ambient conditions (GB) at room temperature (RT) likewise the shelf life test proposed by ISOS-D-1 (shelf) but avoiding the atmosphere contaminations and 2) the sample B was stored in inert atmosphere by fixing the aging temperature at 85°C as proposed by the standard ISOS-D-2 (high-temperature storage) but avoiding the atmosphere contamination [8] . The choice to perform standard stress test 1) and 2) in the inert environment instead of in atmosphere condition (as suggested by the standard ISOS procedure) aims to separate carefully the different degrading agent's effects on the devices performance by accurately pointing out the main degradation mechanisms.
C. Electrical Measurements and Spectroscopic Characterization
PV characteristics were measured at regular intervals in ambient atmosphere with a Keithley 2602A in the four-wire configuration under a Lot Oriel 1000W Xenon arc lamp filtered by OD0.8 Newport neutral density to obtain 100-mW/cm 2 illumination intensity and AM1.5G spectrum. The lamps intensity was calibrated with an integral of squared error Fraunhofer certified Si photodiode. Characterization of one substrate (12 devices) requires a total illumination of 40 s resulting in a cumulated illumination of 5-10 min over the aging study.
Transient measurements [open-circuit photovoltage decay (OCVD)] were performed with a customized PXI (National Instruments)-based platform (Arkeo) detailed in [20] [21] [22] . Equivalent incident power of 1 SUN (100 mW cm −2 ) was calibrated through the mismatch factor with a certified reference Si cell (RERA Solutions RR-1002).
Incident photon-to-current conversion efficiency (IPCE) spectra were collected by means of an inverted microscope (Leica DMI 5000) coupled with a monochromator (Cornerstone 130) illuminated by a 200-W Xenon Lamp. The excitation wavelength resolution was +2 nm. A long working distance objective with 100× of magnification yielded a 50 × 50 μm of spot area. A calibrated silicon photodiode was coupled with a beam splitter at the optical entrance of the microscope in order to monitor the incident optical power. The short-circuit photocurrents of both the devices and the calibrated photodiode were discriminated by a phase sensitive detection system composed by an optical chopper (177 Hz of modulation) and two digital lock-in amplifiers (Eg&g 7265). A detailed description of the setup can be found in [23] and [24] .
Electroluminescence (EL) spectra were acquired by using a spectrograph Acton SpectraPro (SP2300i) from Princeton Instrument equipped with a silicon charge-coupled device array detector (Pixis 400) [25] . The injection current used was 10 mA while the wavelength resolution was 2 nm by considering a grating of 1200 lines/mm. UV-V is absorption spectra were recorded using UV-V is 2550 spectrophotometer from Shimadzu. A detailed description of the setup can be found in [26] [27] [28] . The spectra were collected over a scan range from 300 to 800 nm by employing a scan rate of 480 nm/min with a resolution of 1 nm.
Micro Raman spectra were acquired on a Jobin-YvonHoriba system (LabRAM ARAMIS) in a backscattering geometry (see details in [26] , [27] , and [29] ). The laser light reached the sample surface at normal incidence by ultralong working distance (50×) objective with 10.5-mm focal distance and with a laser power density (after filtering) of about 0.026 mW/μm 2 . Subtraction of the fluorescence background on the Raman spectra was performed by using polynomial fitting, while spectral deconvolution was carried out by nonlinear least squares fitting of the Raman peaks to a mixture of Lorentzian and Gaussian line shapes by providing the peak position.
Time-of-flight secondary ion mass spectrometry (ToF-SIMS) 3-D imaging (TOF-SIMS IV from Ion-TOF GmbH, Münster, Germany) was performed with a dual-beam spectrometer equipped with a 25-keV Bi + 3 beam for the analysis and a 500-eV Cs + ion beam for the sputtering (sputtering operated in the noninterlaced bunched mode) [30] .
III. RESULTS AND DISCUSSION
A. Steady-State and Transient Electrical Characterization
Four encapsulated samples (for a total of 48 planar heterojunction solar cells) were realized as described in 2 , fill factor (FF) = 54%, and PCE = 1.5%. After the preliminary I -V characterization, two samples were stored in GB in dark at RT (sample A) while the remaining two samples were stored in GB over a hot plate at 85°C in the dark (sample B), as detailed in Section II. The ongoing stress test effects onto the device PV performance were monitored by acquiring the I -V characteristics in GB at different stress stages over an overall aging period of about 200 h. The time evolution of each PV parameter extracted from I -V curves under 1 SUN illumination is reported in Fig. 1 . Each averaged value (24 devices for each stress test) is reported together with the standard deviation. Reference sample A exhibited quite flat trends for all the investigated PV parameters till the end of the stress test by demonstrating device's performance unaffected by the storage in N 2 environment. On the contrary, temperature dramatically reduced the J SC (−20%) in parallel with an increase in V OC and FF [ Fig. 1 (b) and (c)], by leading to an overall decrease in the PCE of about 18%.
Several authors investigated the dependence of the V OC , J SC , and FF from the active material properties [31] [32] [33] , charge geminate and nongeminate recombination at donor/acceptor (D/A) interfaces [34] , [35] , charge recombination during the transport toward the electrodes [36] , [37] , electrode/organic layer interface recombination [38] , defects or vacancies in the active or transporting materials [16] . As our knowledge, all the reported degradation mechanism investigations till now could not unequivocally exclude the presence of water and oxygen trapped in the devices during the fabrication and the encapsulation process or the presence of moisture during the characterizations procedure.
From here, the difficulty in investigating the degradation mechanisms affecting the active layers, since organic transport layer materials such as PEDOT:PSS, BCP, and BPhen are enormously affected by water molecules intrusions.
To this end, we decided to exclude unequivocally the contacts and transporting layer degradations induced by oxygen or moisture by carrying out the complete device's realization, the encapsulation, the I -V characterization, and the thermal testing in the inert atmosphere.
As a further control, the glass-glass encapsulation proposed in this paper has been tested in a climate chamber with harsh environmental condition (85°C and 85% relative humidity) by getting an encapsulation lifetime of about 150 h. This allowed to ensure a complete device isolation from the external environment during the complete duration of performed stress tests. Moreover, Ag and ITO have been employed in the device's structure as electrodes while MoO 3 and BCP as transporting layers because of their high stability when not in contact with water and oxygen [16] . In addition, the simple structure of the investigated planar heterojunction allowed focusing the attention on the stress-induced degradation suffered by both active bulk materials and the D/A interfaces.
As a matter of fact, several theoretical [39] and experimental studies [40] , [41] demonstrated the crucial influence on the overall device's performance played by the morphology of the active D/A materials and their interfaces. Among them, Vandewal et al. [41] proposed (1) to correlate V OC with the energy of charge transfer states (E CT ) and with the dark saturation current of the cell ( J 0 ) as following reported:
where n is the ideality factor, T is the temperature, q is the elementary charge, and k is Boltzmann's constant. In fact, when Ohmic contacts are deployed, V OC has been demonstrated to be related to the recombination dynamics of the free charge carriers [42] and to the energy of the interfacial electron-hole pair or charge transfer state E CT [43] . In particular, the D/A interfacial area has been demonstrated to strongly affect both the device's V OC and the dark saturation current J 0 . In fact, the probability that electron and hole meet each other and thus recombine is determined by the interfacial area available, by strongly affecting the recombination dynamic and eventually by limiting the device's V OC . On the other hand, the smaller is the D/A interfacial area, the lower is J 0 by finally increasing the V OC [41] in accordance with (1) . Moreover, when C 60 is used as an acceptor material, a weak intermolecular interaction at D/A interface has been demonstrated to result in a reduced J 0 value [44] . Starting from this assumptions, J 0 versus aging time [ J 0 (t)] trends are reported in Fig. 2(a) for Samples A and B; J 0 values were extracted from the in-dark I -V characteristic acquired in GB at each stress stage before the characterization under 1 SUN irradiation. Note that thermal-stressed sample B showed a clear J 0 (t) decreasing trend if compared with a more random J 0 (t) behavior displayed by the reference sample A. As discussed earlier, the thermal-stress induced J 0 decreasing trend could be explained by hypothesizing a decrease of the D/A interfacial area. Moreover, the less is the interpenetration between D and A materials, the higher is the electric fields at the interface by reducing the device's J SC [45] , [46] . Thus, the simultaneous reduction of both J 0 and J SC in the case of sample B can be indicative of a less interpenetrated ZnPc/C 60 interface by eventually justifying the increasing V OC trend during the aging time [ Fig. 1(b) ]. Finally, in order to exclude V OC dependence from E CT as suggested by (1), EL measurements were carried out on the stressed samples [ Fig. 2(b) ].
First, since the EL peaks spectral position was not affected by the applied stress test, it is possible to conclude that prolonged annealing did not affect the E CT [47] [48] [49] at D/A interfaces. Thus, by looking at (1), the increasing V OC trend for sample B [ Fig. 1(b) ] can be imputed to an overall increase in the second term [nkT/q * (ln( J SC )/J 0 )] that is strongly dependent from the active layer morphology. Furthermore, due to the global nature of the electrical excitation in EL analysis, any thermal-induced degradation of transporting layers, electrodes, and interfaces between them can be excluded, since the thermal-aged samples [ Fig. 2(b) , curve B] showed an increased EL emission intensity with respect to the reference ones [ Fig. 2(b) , curve A]. Starting from this assumption, any EL peak intensity change after thermal stress has to be correlated with charges recombination process modification and/or interfaces degradation involving the active layers.
The reported investigation suggests a strong morphological change in the active materials inducing a reduction of D/A interfacial area and subsequently a marked reduction of the inverse saturation current J 0 . With the aim to further support this analysis, n ideality factor has been extracted by the indark I -V characteristics and the trend during the time is reported in Fig. 2(c) . The observed n trend is compatible with the progressive reduction of J SC [ Fig. 1(b) ] and could be explained with a less interpenetrated ZnPc/C 60 interface and eventually with an increased "grade of order" at D/A interface. Garcia-Belmonte [33] reported the effect of disorder on charge carrier recombination flux in bulk heterojunction solar cell. The author confirmed, by means of theoretical simulations, that the recombination current follows an exponential voltage dependence parameterized by the parameter β (inverse of the diode ideality factor n), which reduces PCE by lowering the device's FF [32] and V OC . Since β is directly related to the disorder degree σ of the considered layer [β = 1/n ∝ ln(σ −1 )], a change in the degree of order in bulk material can be probed by an evident change in the diode ideality factor n and in a changed FF trend.
Thus, in the case of thermal-stressed sample B, the decrease in n index, as well as the FF increasing trend, can be explained by supposing an increased order at D/A interfaces [33] , as schematically represented in Fig. 3 .
With the aim to assess the impact of each term of (1) on the device's V OC , all J SC , J 0 , and n trends previously extracted for the thermal-stressed device were used to calculate the expected V OC value at each stress stage. The calculated V OC time trend reported with red star symbols and dashed line in Fig. 1(b) is perfectly matching the measures V OC values extracted from 1 SUN measurements by further validating our analysis based on the combination between in-dark and 1 SUN I -V measurements.
The n ideality factor time trend previously reported in Fig. 2(c) can provide an interesting starting point in order to discriminate the effect of temperature on both D and A layers. In fact, n value extracted under the dark condition is well known to be mainly affected by the higher mobility active layer [50] . Several works focused their attention on mobility in OSC by reporting an electron mobility in pristine C 60 (2·10 −1 cm 2 /V·s) about two order of magnitude higher than holes mobility in pristine ZnPc (1.9·10 −3 cm 2 /V·s). Thus, a strong modification of the acceptor layer morphology could explain the decreasing trend of n ideality factor for devices under prolonged thermal stress.
Furthermore, due to the molecule spherical shape, C 60 can arrange more easily in a dense crystalline packing compared to the planar-shaped ZnPc molecule under particular environmental conditions [51] . For example, during the active layers growing, the crystalline arrangement of C 60 molecules after the initial stacking is energetically and sterically favored contrary to what happens to ZnPc molecules which remain nanocrystalline or amorphous [52] .
Thus, C 60 molecules aggregation can be assumed as a driving force for phase separation at ZnPc/C 60 interface not only during the layer deposition process but also during applied thermal stress. In fact, thermal aging can induce a partial crystallization/polymerization in the C 60 layer that can decrease the initial D/A interfacial area by increasing the size of C 60 domain. The increasing of C 60 domain dimensions can be demonstrated by investigating the recombination mechanisms within the aged devices.
A first indication about the predominant recombination mechanism within the devices can be provided by the value of the n ideality factor. In fact when n takes values next to 2, as well as the values extracted for the tested devices [ Fig. 2(c) ], trap-assisted recombination mechanisms have a major impact onto the device's dynamic with respect to the charge carrier-assisted Langevin recombination that is predominant when n is close to 1 [35] .
In particular, Fig. 2(c) showed a temperature-induced reduction of n value starting from 2 until about 1.7 clearly indicating a marked decrease in trap-assisted recombination rate during the applied thermal stress. Recently, Burtone et al. [53] demonstrated the presence of traps states in ZnPc/C 60 solar cells; in particular, trap states at ZnPc/C 60 interfaces have proofed to have an electron-trapping character by strongly affecting the electrons transport in the acceptor layer.
The decreased interfacial trap state density can support the reduction in the trap-assisted recombination in the thermalstressed devices. That is in line with a thermal-induced enlargement of C 60 domains that forces a rearrangement at the D/A interface by decreasing the trap states density and by finally positively affecting the electron mobility and lifetime in the stressed device.
In this regard, Schünemann et al. [52] showed that the presence of crystalline C 60 domains leads to enhanced charge carrier transport with an increased charges mobility. In order to extract the charge lifetime (τ eff ), large perturbation OCVD measurements were performed on the tested samples [54] , [55] . τ eff versus the normalized V OC (V OC _ norm) trends are reported in Fig. 2(d) ; τ eff values have been calculated by the following equation [56] :
In particular, OCVD profiles were acquired for five devices on each tested samples in order to improve the results' statistic. Curves are distinguished by a different color for each sample: sample A green curves and sample B blue curves. Quite notably, τ eff values extracted for thermal-stressed devices [ Fig. 2(d) , curve B] were higher than the reference ones [ Fig. 2(d), curve A] . Thus, it is possible to assert that the prolonged thermal stress (about 200 h) induced an overall increase in the charges lifetime τ eff with respect to reference devices stored in GB at RT. More in detail, OCVD measurements can provide information about nongeminate recombination pathways since are strongly related to the dynamic of dissociated charges within the cell. Thus, the overall increased lifetime τ eff in the case of thermal-aged devices can be related to an overall decrease in nongeminate recombination within the device that is in line with the decreased trap-assisted recombination rate derived by in-dark I -V measurements. As a further confirmation, Vandewal et al. [41] demonstrated an inverse proportionality between J 0 and the charges lifetime τ eff as well as between τ eff and the D/A interfacial area, that is perfectly in line with our investigation.
Thus, a thermal-induced reduction of D/A interfacial area can likely explain the decreased trap state assisted recombination and an increased free charges lifetime.
B. Spectrally Resolved Measurements
The whole IPCE spectrum was acquired in the middle of the active area for both the investigated samples. The spectra are reported in Fig. 4 as absolute values.
Regarding thermal-stressed device, the IPCE spectrum [ Fig. 4(a) , curve B] underwent significant losses only in the C 60 absorption spectral region (about −50%), while the photo-generated current due to the ZnPc layer did not undergo evident changes, apart a weak blue shift. This latter has been already observed by Zeng et al. [17] and it was correlated with a morphological change at the D/A interface.
As a matter of fact, the IPCE analysis can provide a complete overview over the physical and electrical processes within the complete device. In particular, (3) [57] details for each factor composing the IPCE, the dependence from the wavelength λ, the applied voltage V determining the internal electric field E, and the temperature T
Each factor is following detailed: η PA (λ) is the photon absorption efficiency, η ED (T ) is the exciton diffusion efficiency, η CT is the charge transfer efficiency, η CD (E, T ) is the dissociation of the electron-hole pair efficiency, η CP (E, T ) is the charge transport efficiency, and η CC (E) is the charge collection at the electrodes efficiency. The expression reported in (3) can be a useful tool in explaining the marked IPCE reduction over the C 60 absorption spectral region recorded in the case of the thermal-stressed device. EL measurements reported in Fig. 2(b) showed an increased emission for the thermal-stressed sample by excluding a reduction of charge transport (η CP ) and charge collection (η CC ) efficiencies at the electrodes, even supported by the increasing FF time trend [58] [ Fig. 1(c)] . Furthermore, the increased EL emission allows us likely to exclude any degradation involving transporting layers (BCP and MoO 3 ) by confirming the thermal degradation affects active D and/or A layers. At the same time, the absence of an evident EL peak shift rules out a change in the charge transfer efficiency (η CT ).
Moreover, the reduction of trap state at the D/A interface and the overall reduction of geminate recombination previously demonstrated by transient analysis rule out a reduced excitons dissociation efficiency (η CD ) for thermal-stressed samples.
Thus, by combining the information provided by transient analysis with those by IPCE and EL spectra, it is possible to assert that the main effect of thermal stress involves the photon absorption (η PA ) and/or the exciton diffusion (η ED ) efficiencies within the acceptor material. Fig. 4(b) reports the absorbance acquired on the investigated substrates in the zone between adjacent cells where only the Ag contact is absent. The reported spectra show some prominent absorption bands at 350 nm and in the range between 550 and 800 nm. While the absorption peaks at 620 and 720 nm can be inferred to the α-phase of ZnPc donor layer [59] , thin film C 60 shows characteristic bands at 260 and 350 nm which are usually observed even in solution [60] . Moreover, in the solid state, the C 60 bands shift in wavelength and become broader with respect to those observed in solution. These effects have been assigned either to Coulombic interactions between C 60 molecules and/or to structural disorder [61] . In the solid state, the absorption spectrum exhibits a broadband between 400 and 560 nm which has no straightforward counterpart in solution [62] . This band has been previously attributed to molecular transitions allowed in the film due to the change of symmetry of a system constituted of several C 60 molecules upon formation of aggregates [63] . These optical absorption features suggest that C 60 domains are formed during the thermal evaporation of the thin acceptor film. Since the broadband between 400 and 560 nm is unequivocally indicative of aggregated C 60 -C 60 interactions, it can be used as a probe of enlarged C 60 domain even in a complete device.
Note that Fig. 4 (b) (inset) shows a remarkable increase in the spectral region between 400 and 540 nm for thermalstressed sample with respect to the sample A that can be easily explained supposing a thermal stress-induced coarsening process of the C 60 domains in the acceptor layer (schematically represented in Fig. 3(c)] .
Recently, McAfee et al. [64] reported that ultrathin C 60 films on the top of CuPc are unstable under even relatively low-temperature annealing conditions, resulting in large-scale lateral dewetting. The authors observed an average increase in C 60 clusters size in both height and width on the CuPc layer after 5 h of annealing at 105°C. Since the temperature used in this paper (85°C) is quite similar and the thermal stress is applied for a prolonged time (over 200 h), the increased absorption in the spectral region between 400 and 560 nm [ Fig. 4(b) , curve B] can be unequivocally ascribed to an increased intermolecular interaction in the C 60 solid film, induced by thermal stress.
Thus, the huge decrease in the IPCE spectra for thermalstressed samples affecting the C 60 absorption spectral region [ Fig. 4(a), curve B ] cannot be related to a loss in photon absorption efficiency (η PA ), since the acceptor layer absorbance is even slightly increased upon thermal aging.
By summarizing the results on thermal-stressed sample, it is possible to assert that the strong decrease in the IPCE over the spectral region of C 60 absorption can be related to a decreased exciton diffusion efficiency (η ED ) in the acceptor layer, due to a strong temperature-induced morphological change in the C 60 material.
Quite recently, Burlingame et al. [65] reported a similar investigation on planar SubPc/C 60 heterojunction. The authors demonstrated, by means of Fourier transform infrared spectroscopy measurements, that upon illumination in a N 2 environmental, C 60 undergoes a significant photochemical transformation consisting in an oligomerization process. Due to that, the IPCE spectra recorded during aging time showed a similar behavior to that pointed out in this paper with a strong IPCE decrease affecting the C 60 absorption spectral region.
Furthermore, solution-based transient absorption measurements have shown that the exciton lifetime of C 60 oligomers (C 120 and C 180 ) was shorter than that of the monomer [66] , [67] . In fact, in the C 60 acceptor layer, a portion of nonradiative exciton decay events results in the formation of oligomers; in particular, in the case of C 60 , the exciton energy is sufficient to drive [2+2] cycloaddition between the carbon double bonds of adjacent C 60 molecules to form oligomeric by-products [68] . As a result, the molecular symmetry responsible for the dark singlet state of C 60 is reduced, which shortens the exciton lifetime in the oligomers. Here, the observed IPCE and J SC decrease in thermal-stressed samples can be likely explained by the reduced charge diffusion length negatively affecting the exciton lifetime.
Finally, the PCE burn-in phenomenon usually observed for encapsulated devices during early thermal aging can be clearly explained by the progressive coarsening of C 60 molecules when it is employed as an acceptor layer in planar heterojunction solar cells.
C. Raman Analysis
As further confirmation, Raman analysis has been performed on the stressed samples. The analysis of Raman spectra acquired by focusing the laser beam on the D/A interface of the investigated device can provide an experimental evidence of the structural change occurred in donor and/or acceptor material. The spectrum of 100 nm ZnPc:C 60 coevaporated layer (1:1 by weight) on the glass is reported in Fig. 5(a) ; the sample was sealed in an inert condition immediately after the evaporation.
The choice to acquire the Raman spectrum on the ZnPc:C 60 (1:1) coevaporated layer has the aim to avoid any laser-induced polymerization phenomena between neighboring C 60 molecules, in order to exactly identify the characteristic vibration of C 60 monomeric form.
Among the reported vibrational bands, ZnPc showed A 1g modes at 1337 and 1404 cm −1 , B 1g at 1506 and 1578 cm −1 , B 2g modes at 1432 and1608 cm −1 [69] . On the other hand, C 60 Raman spectrum is characterized by the strong line at 1469 cm −1 , ascribed to the pentagonal-pinch A g mode [70] . The remaining weak bands at 1422 and 1565 cm −1 are commonly ascribed to the H g modes [71] . Splitting of the modes may be attributed to the loss of symmetry of the C 60 molecule owing to interactions with its neighbors in the solid state. Moreover, it was found that the Raman lines and particularly the pinch mode at 1469 cm −1 for the pristine C 60 are very much affected by photopolymerization [70] . Moreover, oxygen that was considered for a long time responsible of Raman shift of pentagonal pinch mode [72] is now known to not induce measurable change on Raman spectrum relative to that observed in the oxygen-free solid C 60 [73] . Raman spectra reported in literature related to laser irradiated C 60 layers have shown the existence of C 120 , C 180 , and higher oligomers in the spectral region between 120 and 1600 cm −1 . In particular, in photopolymerized solid C 60 , the Raman peak at 1464 cm −1 has been observed and assigned to the dimer mode, while the bands at 1452 and 1459 cm −1 have been assigned to the polymer mode including trimer and higher oligomer modes [70] .
Sakai et al. [70] investigated the photopolymerization process of the evaporated C 60 layer by means of Raman scattering by taking into account the two opposite phenomena of photocreation and thermal decomposition of monomer, dimer, and higher polymers. The authors reported that when the effect of light photopolymerizazion is predominant on the local thermal annealing induced by Raman light source (low sample temperature), the formation of trimer and dimer decrease the initial monomer density in a typical Raman spectrum of pristine C 60 (obtained by irradiating the sample just for 10 s and employing a laser power density of about 140 mW/mm 2 ).
On the contrary, by prolonging laser irradiation in time and by increasing the sample temperature, a local increased temperature T spot > 400 K is achieved and the decomposition of previously formed higher polymers is favored.
More in detail, Burger et al. [74] reported a careful study on the photopolymerization process induced by laser radiation on C 60 layer. The author found that the higher is the temperature of the sample during the photopolymerization progress; the lower is the possibility to induce photopolymerized C 60 . This phenomenon is mainly due to the higher kinetic energy of the C 60 molecules and the larger lattice constant. Since the Raman spectra acquired in this paper have carried out by employing a visible excitation source at 514.5 nm with a power density (0.026 mW/μm 2 ) comparable to that used by Burger (measured on the sample by means of a bolometer sensible to visible radiation), we can confidently conclude that the Raman measurement induces photopolymerization on the investigated layer. Furthermore, since the acquisition time for one single Raman spectrum is quite short (2 s per spectrum) the photopolymerization phenomenon is just at the beginning state and is evident only for the sample in which the intermolecular interactions between neighboring carbon atoms on adjacent C 60 molecules are favored.
To demonstrate the effect of the photopolymerization process on a fresh and encapsulated device, several acquisitions of device's active layers Raman spectra are reported in Fig. 5(b) by varying the acquisition time. As it is possible to note, the photopolymerization has a huge impact on C 60 pentagonal pinch mode. The band related to monomeric form at 1469 cm −1 hugely decreased until to disappear quite completely while the progressive rise of a 1459 cm −1 peak ascribable to the polymeric form was progressively detected.
Raman spectra acquired by focusing the laser beam on the D/A interface of the device active area are reported in Fig. 5(c) for the investigated samples A (curve A) and B (curve B). The spectra were acquired by exposing the sample to the laser radiation for 2 s and by using 1800 lines/mm grating.
It is noteworthy that the different aging conditions have a huge impact on the shape of the central peak at 1469 cm −1 , ascribed at the pentagonal pinch mode of C 60 in its monomeric form. In fact, while in the device A [curve A, Fig. 5(c) ] the 1469 cm −1 Raman band was predominant and only a broader shoulder around 1464 cm −1 was revealed, ascribed to a residual density of C 60 in its dimeric form, in thermal-stressed device [spectrum B, Fig. 5(c) ] a well evident Raman band at 1461 cm −1 appeared. As previously detailed, the appearance of this vibrational band is a clear indication of an increased amount of polymerized form of C 60 . Due to the shorter irradiation time, the polymerization process in all the investigated samples is not completed and the Raman band of monomeric C 60 at 1469 cm −1 was still predominant in all the acquired spectra. The higher polymerization process efficiency in the thermal-stressed sample, evident in the appearance of a wellresolved band at 1459 cm −1 , is well compatible with an increased dimension of C 60 domains induced by temperature. In fact, the increased interaction between neighboring C 60 molecule induced by the thermal aging process, gives rise to the formation of polycrystalline domains that easier polymerized once irradiated by the laser source.
Thus, it is possible to conclude that a more efficient laserinduced photopolymerization process at RT in the case of thermal-stressed sample can be related to an increased interaction between C 60 molecules in their monomeric phase.
D. ToF-SIMS Analysis
To further investigate the aging effects on layers and interfaces, the pristine and aged cells are depth profiled with ToF-SIMS using low energy (500 eV) Cs + sputtering beam which is particularly suited to profile such hybrid stacks [30] , [75] .
The depth profiles in Fig. 6 show very sharp interfaces and very similar characteristic molecular signals from the different layers. However, in the annealed cell [ Fig. 6(b) ], a considerably stronger persistence of the CN − signal is found in the C 60 layer (at ∼2000 s) indicating the presence of a less compact C 60 layer or suggesting that, because of the presence of grains in the C 60 layer, CN − ions could be extracted from the underlying ZnPc layer.
IV. CONCLUSION
In this paper, the stability of glass-glass encapsulated small molecule solar cells with the following device's structure ITO/MoO 3 /ZnPc/C 60 /BCP/Ag has been investigated under prolonged thermal stress (85°C). In particular, temperature-induced degradation processes suffered by the D/A active layers and by the relative interfaces in the planar structure were pointed out by a combination of numerous electrical and spectroscopic characterization techniques. Such deep investigation allowed for the first time in the literature to explain the observed burn-in phenomenon that is responsible for a reduction of the device's performance during the first hours of the prolonged thermal stress test. In particular, the marked reduction in the short-circuit current (−25%) during aging time has been finally unequivocally ascribed to an increased dimension of C 60 domains and consequently decreased excitons lifetime. As matter of fact, the investigation carried out in this paper provided a deeper comprehension of the degradation mechanisms that should be taken into account in designing more stable organic active materials and more robust sealing techniques robust under the real atmospheric working conditions. The improved long-term stability achieved by preventing the degradation mechanisms could be a crucial step forward in order to make reliable and durable organic PV toward the market production.
